Flavonoids are major polyphenol compounds in plant secondary metabolism. Wild red-fleshed apples (Malus sieversii f. niedzwetzkyana) are an excellent resource because of their much high flavonoid content than cultivated apples. In this work, R6R6, R6R1 and R1R1 genotypes were identified in an F 1 segregating population of M. sieversii f. niedzwetzkyana. Significant differences in flavonoid composition and content were detected among the three genotypes by ultra-performance liquid chromatography/quadrupole timeof-flight mass spectrometry analysis. Furthermore, two putative flavonoid-related genes encoding R2R3-MYB transcription factors, designated MYB12 and MYB22, were cloned and characterized. The expression patterns of MYB12 and MYB22 directly correlated with those of leucoanthocyanidin reductase and flavonol synthase, respectively. Their roles in flavonoid biosynthesis were identified by overexpression in apple callus and ectopic expression in Arabidopsis. MYB12 expression in the Arabidopsis TT2 mutant complemented its proanthocyanidin-deficient phenotype. Likewise, MYB22 expression in an Arabidopsis triple mutant complemented its flavonol-deficient phenotype. MYB12 could interact with bHLH3 and bHLH33 and played an essential role in proanthocyanidin synthesis. MYB22 was found to activate flavonol pathways by combining directly with the flavonol synthase promoter. Our findings provide a valuable perspective on flavonoid synthesis and provide a basis for breeding elite functional apples with a high flavonoid content.
INTRODUCTION
Flavonoids are major polyphenol compounds in plant secondary metabolism. They comprise a series of compounds with two benzenes that have a phenolic hydroxyl group connected to each other through three central carbon atoms and are divided into three main categories: anthocyanins, proanthocyanidins (PAs) and flavonols (Williams and Grayer, 2001) . As early as 30 years ago, flavonoids were widely studied as UV protectants, signal molecules in plant-microbe interactions and plant coloring and defense elements (Dixon and Richard, 1986; Schmelzer and Hahlbrock, 1988; Lamb et al., 1989) . Subsequently, they were found to have antioxidant, anti-aging and cancer prevention properties (Knekt et al., 1997; Middleton et al., 2000; Winkel-Shirley, 2001) , and thereby account for the health-promoting functions of apple, citrus, grape and other fruits.
The mechanisms of flavonoid synthesis have been elucidated in many plant species. Chalcone synthase (CHS) from parsley was the first flavonoid biosynthetic gene to be isolated (Kreuzaler and Hahlbrock, 1983) . Then, flavonoid metabolic pathways were identified in Zea mays (Wienand et al., 1986) , petunia (Britsch and Grisebach, 1986) , snapdragon (Martin et al., 1991) , Arabidopsis (Kubasek et al., 1992) and other plant species. Recently, significant progress in flavonoid synthesis research has been made in fruit crops, including grape (Boss et al., 1996) , strawberry (Almeida et al., 2007) , apple (Takos et al., 2006) and pear . A simplified flavonoid metabolic pathway is shown in Figure S1 in the Supporting Information. Importantly, the key enzyme involved in anthocyanin synthesis, dihydroflavonol 4-reductase (DFR), competes directly with flavonol synthase (FLS) for the same substrates, dihydrokaempferol and dihydroquercetin (Martens et al., 2002) . Synthesis of PAs is a branch of the anthocyanin pathway. Leucocyanidin and cyanidin are used as substrates by leucoanthocyanidin reductase (LAR) and anthocyanidin reductase (ANR) to synthesize catechin and epicatechin, respectively.
In plant cells, transcription factors (TFs) play important roles in flavonoid biosynthesis. Among them, MYB TFs have been the most comprehensively researched, initially in maize (Pazares et al., 1987) , subsequently in snapdragon (Sablowski et al., 1994) , petunia (Quattrocchio et al., 1999) , Arabidopsis (Meissner et al., 1999) and tomato (Mathews et al., 2003) , and more recently in fruit crops including strawberry (Aharoni et al., 2001) , grape (Kobayashi et al., 2002) , apple (Takos et al., 2006; Ban et al., 2007) and pear (Feng et al., 2010) . Most MYB TFs contain two MYB domains (R2 and R3), which together constitute the DNAbinding domain for the specific binding of DNA sequences (Dubos et al., 2010) . Basic helix-loop-helix (bHLH) TFs comprise the second most important TF family in plants. The HER (His5-Glu9-Arg13) motif in the amino acid sequence of the bHLH domain is highly conserved and can combine with the E-box motif (CANNTG) in a promoter sequence to control the transcription of target genes (Feller et al., 2011) . In various plants, R2R3-MYB, bHLH and WD40 regulators have been shown to act together in a MBW protein complex and are conserved in the regulation of the anthocyanin and PA pathways (Baudry et al., 2004; Schaart et al., 2013) . Early studies of the regulation of flavonoid synthesis were mainly focused on anthocyanins, and identified MYB TFs such as MYBPAP1 in Arabidopsis, MYBA1 and MYBA2 in grape and MYB1 and MYB10 in apple. Then, R2R3-MYB TFs regulating PA synthesis were described in strawberry (Schaart et al., 2013) , Arabidopsis (Nesi et al., 2001) , grape (Deluc et al., 2006) and persimmon (Akagi et al., 2009 ). R2R3-MYB factors (MYB12, MYB11 and MYB111) regulating flavonol synthesis were first described in Arabidopsis Stracke et al., 2007) . Subsequently, VvMYBF1 regulating flavonol synthesis in grape was isolated (Czemmel et al., 2009) . However, for apple, there is limited information available on the transcriptional regulation of the flavonol biosynthesis pathway.
Apple (Malus 9 domestica Borkh.) is a fruit crop that is grown worldwide, and its health properties have been well described . Unfortunately, world apple production is challenged by a serious inbreeding problem narrowing the hereditary basis of the plants and thus resulting in fruit of poor nutritional quality and low flavonoid content. In addition to apple, some other crops and fruit trees face this problem. Improving the genetic diversity of cultivated varieties using wild germplasm resources has become an important topic in international breeding research. Malus sieversii is an ancient wild apple variety native to the mountains of Central Asia (Cornille et al., 2014) . Its red-fleshed variants (M. sieversii f. niedzwetzkyana) were found to have rich genetic diversity in polyphenol and flavonoid contents . In 2006, our group constructed F 1 hybrid populations of M. sieversii f. niedzwetzkyana (Luntai National Fruit Germplasm Resources Garden, China) crossed with M. domestica 'Fuji'. Over the last decade, we have been committed to the utilization of wild red-fleshed apple germplasm resources and carried out a series of studies, such as investigations of genetic structure , tissue cryopreservation in vitro (Wu et al., 2008) , the establishment of a red callus regeneration system (Ji et al., 2015a) and the breeding of functional apples (Chen et al., 2014) .
However, the TFs that regulate flavonoid synthesis, especially flavonol synthesis, have not been functionally characterized in apple. The F 1 hybrid populations have provided good materials for discovering related genes because of their high flavonoid content. To elucidate flavonoid synthesis in apple, we characterized in this study the PA-specific TF MYB12 and the flavonol-specific TF MYB22 from red-fleshed apple. The expression patterns of MYB12 and MYB22 were directly correlated with those of LAR and FLS, respectively, during apple fruit development. Furthermore, their roles in flavonoid biosynthesis were identified by overexpression in apple callus and ectopic expression in Arabidopsis. MYB12 could interact with bHLH3 and bHLH33 and play an essential role in proanthocyanidin synthesis and MYB22 was found to activate flavonol pathways by combining directly with the FLS promoter. We aimed to elucidate the expression patterns of the MYB TFs regulating PA and flavonol synthesis in apple and provide a theoretical basis to further enrich the gene resources associated with flavonoid synthesis and to breed elite functional red-fleshed apples with a high flavonoid content.
RESULTS
Genotype analysis of F 1 hybrid populations derived from a cross between M. sieversii f. niedzwetzkyana and M. domestica
The red-flesh phenotype of 'Red field' is due to the formation of a minisatellite-like structure comprising six direct tandem repeats of a 23-bp sequence in the promoter of MdMYB10, which was named R6 (Espley et al., 2009) . The genotypes of Red1-6, White1-6 and DarkRed1-3 in the F 1 hybrid populations were identified ( Figure 1a ) and the results showed that a 497-bp fragment corresponding to R6 and a 396-bp fragment corresponding to R1 (Figure S2b) were present in the Red1-6 strains, indicating they had R6R1 heterozygous genotypes. The White1-6 strains had only the 396-bp fragment, showing they had R1R1 homozygous genotypes. The DarkRed1-3 mutant strains only had the 497-bp fragment, indicating they had R6R6 homozygous genotypes (Figure 1b) . The phenotypes of the F 1 hybrid populations were the same as those of the 'Red Field' red-flesh phenotype, which is determined by the R6 repeat sequence of the MdMYB10 promoter.
Flavonoid composition and content analysis and related gene expression in different apple genotypes
To determine whether there were differences in flavonoid content among the different genotypes, ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry (UPLC-ESI-TOF/MS) analysis was performed. Up to 85 flavonoids, including 6 anthocyanins, 9 flavanols, four PAs, 47 flavonols, 10 dihydrochalcones and 9 flavanones, were detected (Table S1 ). Flavonols were the most abundant group, and mainly included quercetin and kaempferol derivatives, followed by anthocyanins, mainly cyanidin and petunidin derivatives (Figure 2a) . The flavonol content in R6R6 was 8376.74 lg g À1 , which was 2.8 times higher than in R6R1 (3028.64 lg g À1 ) and 2.2 times higher than in R1R1 (3834.13 lg g À1 ). A Venn diagram analysis of 47 flavonol compounds in the three genotypes is shown in Figure 2 (b) . In addition to the 30 common flavonols, 9 specific flavonol compounds were only detected in R6R6. Notably, the content of 8-C-methylquercetin-3-xyloside in R6R6 was 3905.56 lg g À1 , but this flavonol was not found in the other two kinds of apples.
Next, the expression of the MYB10 TF and flavonoid biosynthesis pathway genes was analyzed by quantitative (q)RT-PCR. The expression levels of CHS, chalcone isomerase (CHI), DFR, flavanone-3-O-hydroxylase (F3H) and anthocyanidin synthase (ANS) in R6R6 and R6R1 were significantly higher than in R1R1. The MYB10 TF had the highest expression level in R6R6, followed by R6R1, and the lowest in R1R1. LAR and ANR are both key enzymes in PA synthesis. However, the expression patterns of LAR and ANR were entirely different. LAR expression was highest in R6R6 and lowest in R6R1, but there was no difference in ANR expression among the three hybrids. The expression level of the key enzyme FLS in the flavonol biosynthesis pathway was also highest in R6R6, which was consistent with its higher flavonol content (Figure 2c ).
Isolation and correlation analysis of MYB12 and MYB22
In Arabidopsis thaliana, the amino acid sequences of R2R3-MYB proteins are conserved and divided into 25 subgroups, among which the fifth, sixth and seventh subgroups are involved in the regulation of flavonoid biosynthesis (Stracke et al., 2001) . Thus, using the conserved R2R3 repeat region and the subgroup motifs identified in Arabidopsis, two homologous genes, designated MYB12 (accession XP_008337875.1) and MYB22 (accession AAZ20438.1), were detected from the apple genomic sequence (Riccardo et al., 2010) and isolated from DarkRed1. The cloned MYB12 sequence matched the sequence in GenBank, but the 151st amino acid was changed from Ser to Pro. The cloned MYB22 sequence was 121 amino acids longer than the protein sequence in GenBank, and the 136th amino acid was changed from Val to Ser ( Figure S3 ). A phylogenetic tree was constructed using 24 selected R2R3-MYB TFs, which were clustered into three flavonoid-related MYB subgroups. MYB12 belonged to SG5 and MYB22 belonged to SG7 (Figure 3a) . The alignment of the amino acid sequences showed that the R2-R3 domains were conserved at the N-terminus, but their Cterminal sequences were diverse. As predicted, MYB12 contained the SG5 (IRTKA[I/L]RC) motif (Zhao et al., 2013) , and MYB22 contained both the SG7 ( (Czemmel et al., 2009) . Furthermore, the homology within the SG5 domain in these putative PA regulatory proteins allowed us to expand the SG5 motif to Figure S4 ).
To determine whether MYB12 and MYB22 were involved in flavonoid synthesis in the F 1 population, the flavonol and PA contents in the selected six Red, six White and three DarkRed apples were measured, as well as the relative expression of MYB12 and MYB22 (Table S2) . Correlation analysis showed that MYB22 was positively correlated with the flavonol content, with a correlation coefficient of 0.79, and that MYB12 and the PA content were also correlated, with a correlation coefficient of 0.68 (Figure 3b ).
The spatiotemporal expression patterns of MYB12 and MYB22 are correlated with LAR and FLS To determine whether MYB12 and MYB22 expression was correlated with flavonoid accumulation, the relative expression of these genes and key enzyme genes related to PA synthesis (LAR and ANR) and flavonol synthesis (FLS) was analyzed. In R6R6, MYB12 expression first decreased and finally increased to its highest level at 130 days after full bloom (DAFB). In R6R1, MYB12 expression remained at a low level, while there was a slight increase at 130 DAFB in R1R1. The expression patterns of MYB12 were consistent with those of LAR but were not correlated with ANR expression (ANR expression is described in Figure S5 ). MYB22 expression increased to a peak at 75 DAFB in R6R6 and R6R1, but peaked at 105 DAFB in R1R1 (Figure 4b ). Concomitantly, the expression of FLS also peaked at 75 DAFB in R6R6 and R6R1, and at 105 DAFB in R1R1.
The expression pattern of MYB12 in flower, leaf, fruit peel and flesh tissues was consistent, with the highest expression in R6R6 and the lowest in R6R1. Notably, the expression of LAR was consistent with that of MYB12 in fruit peel and flesh. In contrast, there were some differences in the expression patterns of MYB22 in different organs. In fruit peel and flesh, the MYB22 expression level was highest in R6R6, and was two times higher than in R6R1 and three to four times higher than in R1R. There were no differences in FLS expression in fruit peel, but its expression in fruit flesh was consistent with that of MYB22 ( Figure 4d ).
MYB12 interacts with bHLH3 and bHLH33 but MYB22 does not
Yeast two-hybrid (Y2H) assays were performed to determine whether MYB12 and/or MYB22 interact with bHLH TFs. The Y2H results showed that both bHLH3 and bHLH33 interacted with MYB12 but not with MYB22 (Figure 5a ). The bimolecular fluorescence complementation (BiFC) results verified that MYB12 interacted with bHLH3 and bHLH33 in vivo (Figure 5b ). Furthermore, we performed pull-down and co-immunoprecipitation (Co-IP) assays to verify their interaction in vitro and in vivo. The pull-down assay result showed that bHLH3-GST and bHLH33-GST were pulled down by MYB12-HIS. The Co-IP result showed that MYB12-HA were immunoprecipitated by bHLH3-FLAG and bHLH33-FLAG in callus, indicating that MYB12 interacts with bHLH3 and bHLH33 (Figure 5c, d) .
MYB12 and MYB22 bind to the promoters of flavonoid pathway genes required for PA and flavonol synthesis Yeast one-hybrid (Y1H) assays were performed to identify the specific binding of MYB12 and MYB22 to the promoters of the UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT), ANS, ANR, LAR and FLS genes. The FLS promoter sequence was first isolated using high-efficiency thermal asymmetric interlaced PCR (HiTAIL-PCR). Yeast cells containing recombinant pHIS2 vectors were first grown onTrp/-His screening medium with different concentrations of 3-amino-1,2,4-triazole (3-AT). The Y1H assay showed that MYB12 interacted with UFGT, ANS, ANR and LAR, and MYB22 interacted with UFGT and FLS ( Figure 6a ). By searching the PlantCARE database (http://bioinformatics. psb.ugent.be/webtools/plantcare/html/), we found that the UFGT, ANS, ANR, LAR and FLS promoters all contained putative MYB-binding elements ( Figure 6b ). Additionally, we validated the effects of MYB12, MYB22 and MYB10 on the promoter activity of UFGT, LAR, ANS and FLS using the luciferase reporter assay. The results showed that MYB10 had a significant effect on the promoter activity of UFGT and ANS when interacting with bHLH3. MYB12 has a significant effect on the promoter activity of LAR when interacting with bHLH33. The FLS promoter activity is highest in the presence of MYB22. Strikingly, MYB10/bHLH3 can also affect the FLS promoter activity, and the mechanism by which it regulates flavonol synthesis needs further study ( Figure 6c ).
Overexpression of MYB12 and MYB22 promotes accumulation of PA and flavonol in apple callus
To confirm the function of MYB12 as a regulator of PA synthesis, MYB12 was genetically transformed into 'Orin' apple callus (yellow). The MYB12 overexpression callus (OE-MYB12) had a darker yellow color than the wild-type (WT-y) 'Orin' callus ( Figure 7a ). After staining with 4-dimethylaminocinnamaldehyde (DMACA), the OE-MYB12 callus stained deep blue but the WT-y callus stained light red ( Figure 7b ). The presence of the transgene in OE-MYB12 callus was confirmed by PCR amplification (Figure 7c) and Western blot assays (Figure 7d ). Spectrophotometric analysis indicated that OE-MYB12 produced more than 12 times more PAs than the WT-y control (Figure 7f ). To validate the transgenic results, the expression of PA pathway genes was analyzed by qRT-PCR. Concomitantly, the expression of CHI, UFGT, LAR and bHLH33 was significantly increased in the OE-MYB12 callus, but ANS expression was suppressed (Figure 7g) .
To determine the function of MYB22 as a regulator of flavonol synthesis, MYB22 was genetically transformed into DarkRed1 apple callus (Ji et al., 2015a) . The MYB22 overexpression callus (OE-MYB22) was changed from red to yellow compared with the wild-type (WT-r) red callus (Figure 8a ). The presence of the transgene in the OE-MYB22 callus was confirmed by PCR amplification (Figure 8b ) and Western blot assays (Figure 8c ). Spectrophotometric analysis indicated that OE-MYB22 produced a greater quantity of flavonoids than the WT-r control (Figure 8d ) but had reduced anthocyanin accumulation (Figure 8e ). The expression of MdActin was used as an internal control gene. The R1R1 sample was used as an internal standard in each figure. Statistical significance: *P < 0.05; **P < 0.01. flavonol pathway genes was analyzed by qRT-PCR. Concomitantly, the expression of FLS was significantly improved, but CHS, CHI, F3H, DFR and ANS showed different degrees of downregulation (Figure 8f ).
Complementation of Arabidopsis PA-and flavonoldeficient mutants by heterologous expression of MYB12 and MYB22
AtMYB123 (TT2) was shown to regulate PA synthesis in the seed coat of Arabidopsis (Nesi et al., 2001) . MYB12 was heterologously expressed in Arabidopsis AtTT2-mutant plants under the control of the CaMV-35S promoter (35S::MYB12). The seeds of the AtTT2 mutants appeared yellow due to the lack of PAs (Figure 9a ), while the seeds of 35S::MYB12 lines were stained blue-black for PA accumulation with DMACA ( Figure 9b) . Additionally, the seedling roots of 35S::MYB12 lines were stained blue (Figure 9d,f) , while those of the AtTT2 mutant were not (Figure 9c,e) . This demonstrated that MYB12 could complement the deficient phenotype of the AtTT2 mutant and promote PA accumulation. Spectrophotometric analysis indicated that 35S::MYB12 Arabidopsis seeds produced approximately nine times more PAs than the AtTT2-mutant control (Figure 9i) .
To confirm the function of MYB22 as a regulator of flavonol synthesis, MYB22 was heterologously expressed in Arabidopsis AtMYB11/-12/-111 triple-mutant plants under the control of the CaMV-35S promoter (35S::MYB22). The cotyledons of 35S::MYB22 seedlings showed obvious orange fluorescence, indicating the accumulation of flavonols (Figure 9h ). However, no orange fluorescence was observed in the triple-mutant Arabidopsis seedlings (Figure 9g ). An HPLC analysis indicated that 35S::MYB22 seedlings produced approximately 3.5 times more flavonols than the (c) A pull-down assay was performed by co-purifying recombinant MYB12-His fusion proteins with bHLH33-GST (column 1), bHLH3-GST (column 2) and the GST empty vector (column 3). Western blotting with a GST antibody showed that bHLH3 and bHLH33 were pulled down by MYB12-His. (d) Co-immunoprecipitation detection of the interaction in vivo. MYB12-HA with bHLH33-FLAG and bHLH3-FLAG was transiently co-expressed in protoplasts of apple callus. Then, total proteins of the protoplasts were used to perform immunoprecipitation with Anti-FLAG-Agarose beads. The resultant sample from immunoprecipitation was assayed by anti-hemagglutinin (HA). [Colour figure can be viewed at wileyonlinelibrary.com].
triple-mutant control (Figure 9j ; HPLC chromatograms are shown in Figure S6 ). These results confirmed that MYB22 could complement the Arabidopsis AtMYB11/-12/-111 triplemutant deficient in flavonol synthesis.
Therefore, MYB12 and MYB22 from the hybrids of M. sieversii f. niedzwetzkyana are two functional R2R3-MYB TFs involved in regulating PA and flavonol biosynthesis, respectively. 
DISCUSSION
Flavonoid characteristics in different genotypes of M. sieversii f. niedzwetzkyana hybrids Red-fleshed apples include the wild species M. sieversii f. niedzwetzkyana and cultivated species M. domestica var. Niedzwetzkyana (Shu, 1999) . The genotypes of 3000 redfleshed apple germplasm resources were identified and classified, including cultivars, wild species and hybrids. It was inferred that these red apples all originated from M. sieversii (Nocker et al., 2012) . Malus sieversii is not only very rich in genetic diversity, the contents of flavonoids, calcium ions and other functional components are also about three times greater than in 'Starking' cultivated apples . It is vitally important to use M. sieversii resources for the breeding and cultivation of functional apples with higher flavonoid contents. This will provide more flavonoids for consumers and will be useful for sustainable development of the apple fruit industry all over the world and for human health.
In the present study, we identified the genotypes of six red-fleshed strains, six white-fleshed strains and three dark red-fleshed mutant strains in F 1 hybrid populations. Consistent with the results of Espley et al. (2009) , our results showed that the red-fleshed strains had R6R1 heterozygous genotypes, the white-fleshed strains had R1R1 homozygous genotypes and the dark red-fleshed mutant strains had R6R6 homozygous genotypes. There were significant differences in the flavonoid contents and compositions of these three genotypes. The flavonol content in R6R6 homozygous genotypes was significantly higher than that in R6R1 and R1R1. In our view, in addition to the regulation of anthocyanin synthesis in apple flesh by MYB10, there are TFs involved in the synthesis of other flavonoids, such as PAs and flavonols. Furthermore, the Venn diagram showed that there were significant differences in the types of flavonol derivatives in the fruits of the different genotypes. Notably, nine unique flavonols were detected in R6R6 and one unique flavonol was detected in each of R6R1 and R1R1. Therefore, in addition to regulation at the (Espley et al., 2007) and MYB110a (Umemura et al., 2013) have been shown to control anthocyanin synthesis. However, because of the low flavonol content in the flesh of existing cultivated apple species, little research has been done on the TFs regulating PAs and flavonols. In this study, we isolated two potential genes (MYB12 and MYB22) from DarkRed1 that were hypothesized to regulate PA and flavonol biosynthesis, respectively. An alignment of the amino acid sequences of MYB12 and MYB22 showed that MYB12 contained the C- (Czemmel et al., 2009) . In our study, we also found that ZmP lacked the SG7-2 motif, but the MYB22 TF we cloned from DarkRed1 did contain the SG7-2 motif and its amino acid sequence was 121 amino acids longer than the protein sequence in GenBank; this additional sequence included the SG7-2 motif. Whether the SG7-2 motif of the MYB22 protein in red-fleshed apple is related to the higher flavonol content in red-fleshed fruit than in cultivars needs to be studied further. In grape, VvMYBPA1 controls genes of the PA pathway in fruit, including both LAR and ANR, and can induce ectopic PA accumulation in Arabidopsis (Bogs et al., 2007) . In this study, we found that the expression patterns of MYB12, which belongs to the SG5 subfamily, were positively correlated with those of the PA pathway gene LAR. The expression patterns of MYB22, which belongs to the SG7 subfamily, were positively correlated with those of the flavonol pathway gene FLS, and the results were consistent with previous studies of VvMYBF1 in grape (Czemmel et al., 2009) . Furthermore, the expression pattern analysis of MYB12 and MYB22 in flower, leaf, fruit peel and flesh tissues revealed that LAR expression corresponded with MYB12 expression in fruit peel and flesh, while FLS expression corresponded with MYB22 expression only in fruit flesh.
MYB12 and MYB22 specifically bind the promoters of selected flavonoid pathway genes
In the biosynthetic pathway of flavonoid metabolism, some MYB TFs can regulate the expression of structural genes and control flavonoid synthesis in plants on their own (Sainz et al., 1997; Mehrtens et al., 2005) . Some other MYB proteins regulate the synthesis of anthocyanins and PAs by interacting with bHLHs in various plants ( Grotewold, 2006 (Ilona et al., 2004) . In this study, we found that MYB12 could regulate PA synthesis by interacting with bHLHs, in accordance with the results of previous studies. However, the R3 domain of MYB22 did not contain bHLH-binding elements. The Y2H results confirmed that it could not interact with bHLH proteins. Although MYB22 can't interact with bHLH3 and bHLH33, it plays an essential role in flavonol synthesis by combining with the flavonol synthase promoter and regulating its activity. The Y1H results showed that MYB12 could bind to the promoters of UFGT, ANR and LAR, and MYB22 could bind to the promoters of UFGT and FLS.
In the late stage of flavonoid metabolism, leucocyanidin and cyanidin are synthesized by the action of DFR and ANS. Subsequently, leucocyanidin and cyanidin are used as substrates for the synthesis of anthocyanins catalyzed by UFGT and PAs catalyzed by ANR and LAR. Flavonol synthesis is closely related to the catalytic activity of FLS. Previous studies showed that R2R3-MYB proteins were key components of the MBW protein complex as they recognize and bind the MYBCORE (CNGTTR) motif to regulate flavonoid synthesis (Solano et al., 1995; Hartmann et al., 2005) . Whether they directly bind the promoters of structural genes or form protein complexes, the regulatory mechanism of MYB TFs depends on the presence of MYB-binding cis-motifs in the promoters of different structural genes. The MYBCORE cismotif (CNGTTR) was identified in the promoters of the PA pathway genes ANR and LAR (Akagi et al., 2009) . However, we found that UFGT (CAGTTA/CAGTTG), FLS (CAGTTA) and LAR (CAGTTG) had the MYBCORE cis-motif, while ANR and ANS did not. In addition, we found another MYB-binding cis-motif (CGGTCA) in the promoters of UFGT and ANR with weak homology to the MYBCORE cis-motif. Furthermore, we found other cis-acting regulatory elements involved in different responses, such as the ABRE motif (abscisic acid responsiveness) and the G-box motif (light responsiveness) in all the promoters, the LTR motif (low-temperature responsiveness) in the promoters of UFGT, ANS and LAR, the HSE motif (heat stress responsiveness) in the promoters of FLS and ANR, and the TGACG motif (methyl jasmonate responsiveness) in the promoters of ANS and ANR. This suggests that different structural genes in the flavonoid pathway are affected by different signal factors.
MYB12 and MYB22 are functional regulators of PA and flavonol synthesis, respectively
In apple, MdMYB9 and MdMYB11 have been shown to be involved in the regulation of PA synthesis (Gesell et al., 2014; An et al., 2015) . An et al. (2015) found that MdMYB9 and MdMYB11 bound to the promoters of ANS, ANR and LAR and promoted the accumulation of anthocyanins and PAs. However, Gesell et al. (2014) found that MdMYB9 activated the apple and poplar ANR promoters, while MdMYB11 showed no activity. In red-fleshed apple callus, some members of the MYB, bHLH and WD40 families involved in flavonoid synthesis were analyzed using RNA sequencing. The results showed that MYB10, MYB113, TT2 and TT8, which control anthocyanin and PA biosynthesis, were downregulated by high concentrations of naphthalene acetic acid and 2, 4-dichlorophenoxyacetic acid (Ji et al., 2015b) . In this study, overexpression of MYB12 promoted the accumulation of PAs in apple callus, but not the accumulation of anthocyanins. MYB12 obviously induced the expression of CHI and LAR when overexpressed in apple callus, but reduced the expression of ANS. Because ANS and LAR compete for the same synthesis substrate, leucocyanidin, MYB12 promotes the expression of LAR and inhibits the expression of ANS. MYB9 differs from MYB12 in that it can regulate the expression of ANS and ANR at the same time to promote the accumulation of both anthocyanins and PAs . Therefore, we speculate that the synthesis of catechin and epicatechin might be regulated by different MYB TFs. Studies have also shown that the expression of the CHI and DFR genes and anthocyanin synthesis can be inhibited by introducing apple ANR genes into tobacco (Han et al., 2012) . In grape, VvMYBPA1 was shown to control the expression of PA pathway genes, including both LAR and ANR, and this single MYB factor can complement the TT2 mutant phenotype and induce ectopic accumulation of PA in Arabidopsis (Bogs et al., 2007) . Here, we also found that MYB12 complemented the PA-deficient seed phenotype of the TT2 mutant and induced PA accumulation in Arabidopsis.
MYB11, MYB12 and MYB111 control flavonol accumulation in different parts of the Arabidopsis seedling (Stracke et al., 2007) . The expression of AtMYB111 in transgenic tobacco enhanced the expression of flavonoid pathway genes leading to the accumulation of flavonols, while the anthocyanin content decreased (Pandey et al., 2014) . The expression of AtMYB12 resulted in unprecedentedly high levels of flavonol accumulation in both tobacco and tomato, and also resulted in lower levels of anthocyanins (Luo et al., 2008) . In crabapples, McMYB4 and McMYB7 were suggested to play important roles in flavonol biosynthesis. Under sunexposed conditions, their expression levels in red-fleshed crabapples were higher than in white-fleshed fruits, which promoted the transcription of McFLS and McLAR. However, under shaded conditions, their expression was reduced, causing a decrease in the expression of McFLS and McLAR and an increase in McANR expression (Wang et al., 2015) . In apple, MdCOP1, MdHY5, MdMYB22 and MdMYBA were identified to be involved in red coloration in the peel of UV-B-treated 'Mutsu' using suppression subtractive hybridization, and anthocyanin accumulation was observed after their expressions was increased (Peng et al., 2013) . In this study, overexpression of MYB22 promoted flavonol accumulation in red apple callus and decreased anthocyanin accumulation. VvMYBF1 was confirmed to complement the flavonol-deficient phenotype of the AtMYB12 mutant (Czemmel et al., 2009). Here, we confirmed that MYB22 complemented the flavonol-deficient phenotype of the AtMYB12/-111/-11 triple mutant and induced flavonol accumulation in Arabidopsis cotyledons. We developed a model summarizing our findings regarding the regulation of flavonoid biosynthesis by MYB TFs in apple (Figure 10 ). Flavonols make an important contribution to the nutritional value of apple fruit (Boyer and Liu, 2004) . The flavonol content in the flesh of 'Nagafu 2' is very low, as little as 0.1-3.1% of that in the peel (Nie et al., 2010) . However, in our red-fleshed apples, the flavonoid content in the flesh is very high. MYB22, as a key TF that promotes flavonol synthesis, is of great significance for the cultivation of new red-fleshed apple varieties with high flavonoid content and the improvement of existing cultivars with low flavonol content.
EXPERIMENTAL PROCEDURES
Plant materials
Roem. were grown in the Tai'an Hengling fruit tree breeding base of Shandong Agricultural University (36°260 0 N, 117°290 0 E). Six red-and six white-fleshed strains were randomly selected and designated Red1-6 and White1-6, respectively. Notably, we found three mutant strains with dark red flesh, which were designated DarkRed1-3. All apple fruits were harvested at the ripe stage in biological triplicate and then frozen in liquid nitrogen and stored at À80°C for use in genotype identification and UPLC-ESI-TOF/MS analysis. Red1, White1 and DarkRed1 were selected as representative materials for spatiotemporal expression analysis. Their flowers, leaves and fruit peel and flesh were collected separately. Their fruit flesh was harvested at 45, 60, 75, 90, 105 and 130 DAFB. 
DNA extraction and MYB10 genotype identification
Total DNA was isolated using a Plant Genomic DNA Kit (TianGen, Beijing, China). For genotype identification, the R6 repetitive sequence was amplified from the DNAs of Red1-6, White1-6 and DarkRed1-3 using the primers PMYB10-F (5ʹ-GGTGGTCAAAG ATGTGTGTTGT-3ʹ) and PMYB10-R (5ʹ-TTTGCCTGCTACCCACTT CA-3ʹ) designed from the MdMYB10 promoter ( Figure S2a) . Promoter genotypes were identified by agarose gel electrophoresis. Then the different length fragments were recovered and sequenced by Sangon Biotech (http://www.life-biotech.com/).
Ultra-performance liquid chromatography/quadrupole time-of-flight mass spectrometry (UPLC-ESI-TOF/MS) analysis of apple fruit compounds
The flavonoid compositions and contents were analyzed by UPLC-ESI-TOF/MS (Micromass Q-TOF micro, Waters, http://www.wate rs.com/). UPLC analysis was performed using an Acquity UPLC system (Waters) equipped with a Waters BEH C18 column (50 mm 9 2.1 mm, 1.7-lm particle size) at 25°C. Samples were eluted at a flow rate of 0.4 ml min 
RNA isolation and real-time PCR
Total RNA was isolated using an RNAprep pure Plant Kit (TianGen, http://www.tiangen.com/en/). First-strand cDNA was synthesized using a RevertAid TM First Strand cDNA Synthesis Kit (TransGen, http://www.transbionovo.com/). The primers used for qRT-PCR were designed with Beacon DESIGNER7 software and synthesized by Sangon Biotech (Table S3 ). The qRT-PCR reactions were conducted with cDNAs as templates and SYBR â Green PCR Master Mix (TransGen) on an iCycler iQ5 system (Bio-Rad, http:// www.bio-rad.com/). Relative quantification of mRNA levels was performed using the cycle threshold (Ct) 2
ÀDDCt method (SOFT-WAREIQ5 2.0) (Livak and Schmittgen, 2001 ).
Cloning of MYB12 and MYB22 and amino acid sequence analysis
The coding sequences (CDSs) of MYB12 and MYB22 were amplified from DarkRed1 using Phusion polymerase (Thermo Scientific, http://www.thermofisher.com/). Phylogenetic analyses were conducted with MEGA5.1 software using 1000 bootstrap replicates after alignment by CLUSTALW (opening = 10, extension = 0.2). A total of 24 MYB TFs screened from apple and other plant species were used for phylogenetic analysis. Among them, 16 MYB TFs were used for protein sequence alignment with DNAMAN software, of which eight (SG5) were reported to promote PA synthesis and eight (SG7) to promote flavonol synthesis. 
Yeast two-hybrid assays
The CDSs of MYB12 and MYB22 were recombined into the pGADT7 vector (Clontech, http://www.clontech.com), and the bHLH3 and bHLH33 genes were recombined into the pGBKT7 vector (Clontech). The recombinant plasmids were co-transformed into the yeast strain Y2HGold and cultured on medium lacking Trp and Leu (-T/-L) at 30°C. For interaction screening, the yeast cells were transferred to medium lacking Trp, Leu, His and adenine (-T/ -L/-H/-A) with or without X-gal. Empty pGADT7 and pGBKT7 vectors were used as controls.
Bimolecular fluorescence complementation assays
The CDSs of the MYB12 and MYB22 genes were recombined into the 35S-pSPYNE-YFP vector and the bHLH3 and bHLH33 genes were recombined into the 35S-pSPYCE-YFP vector. The recombinant plasmids were transformed into Agrobacterium tumefaciens LBA4404. The agrobacteria with the C-and N-terminal halves were mixed together in equal volumes (15 ml). Then, onion epidermal cells were infected with the mixed agrobacteria for 25-30 min and cultured on Murashige and Skoog (MS) solid medium at 28°C for 24-48 h. The YFP fluorescence was detected using a confocal laser scanning microscope (Carl Zeiss, http:// www.zeiss.com/) with an excitation wavelength of 488 nm.
Pull-down assays
The CDSs of the MYB12 and MYB22 genes were recombined into the pET-32a (+) vector (Novagen, http://www.novagen.com/), which contains a histidine (His) tag sequence, and the bHLH3 and bHLH33 genes were recombined into the pGEX-4T-1 vector, which contains a GST tag sequence. The recombinant plasmids were transformed into Escherichia coli BL21 (TransGen) to induce the tag proteins. The pull-down assay was performed using a His-Tagged Protein Purification Kit (Clontech). The protein mixture with binding buffer was added to cobalt chelate affinity resin containing the immobilized His-tagged bait protein and rotated at 4°C for 12-14 h. After elution, the elution products were detected by Western blotting using anti-His and anti-GST antibodies (Clontech).
Co-immunoprecipitation assays
MYB12 was recombined into the pHBT-AvrRpm1-HA vector, which contains the hemagglutinin (HA) tag sequence. The bHLH3 and bHLH33 genes were recombined into the pHBT-AvrRpm1-FLAG vector, which contains the FLAG tag sequence. Protoplasts derived from apple callus were used as the materials for transient transfection. Fifty microliters of MYB12-HA and 50 ll of bHLH3/-33-FLAG were co-transfected into 1-ml protoplasts and the transfected protoplasts were incubated for 6 h. After vigorous vortexing and a brief spin, the supernatant was transferred into tube with 20 ll Anti-FLAG-Agarose beads (Sigma, http://www.sigmaald rich.com/) and incubated for 3 h. The beads were washed four times with IP buffer and detection was by Western blotting using Anti-HA and Anti-FLAG antibodies.
HiTAIL-PCR assays and promoter cloning
The FLS promoter sequence was amplified by the HiTAIL-PCR method . Specific primers (SP1, SP2 and SP3) were designed from the known CDS of FLS. Four long arbitrary degenerate primers (LAD1-4) were designed for the pre-amplification reaction. The AC1 primer was used for the first and second amplification reactions. The pre-amplification reaction was conducted with DNAs as templates using the SP1 and LAD1-4 primers. The first-amplification reaction was conducted with 409 diluted products of the pre-amplification using the SP2 and AC1 primers. The second amplification reaction was conducted with 109 diluted products of the first amplification using the SP3 and AC1 primers. The primer sequences and reaction system are described in Tables S4 and S5 . Finally, a 1000-bp fragment was obtained from the third round of amplification.
Yeast one-hybrid assays
The CDSs of MYB12 and MYB22 were recombined into the pGADT7 vector (see 'Yeast two-hybrid assays'). The primers used for the amplification of promoter fragments are listed in Table S6 . The cloned promoter fragments of UFGT, ANS, ANR, LAR and FLS were inserted into the pHIS2 vector (BD Biosciences, http:// www.bdbiosciences.com/). First, to determine the optimal concentrations of 3-AT, which was used to suppress background histidine leakiness of the pHIS2 vectors, the yeast strain Y187 (Clontech) containing the recombinant pHIS2 vectors was grown on -Trp/-His (-T/-H) screening medium with different 3-AT concentrations. Then, the interactions between the MYB TFs and promoter fragments were detected on medium lacking Trp, Leu and His (-T/-L/-H) with the optimal 3-AT concentration for each. Empty pGADT7 vectors were used as controls.
Luciferase reporter assay
The CDSs of MYB12, MYB22 and MYB10 were recombined into the pHBT-AvrRpm1 effector. The cloned promoter fragments of UFGT, ANS, LAR and FLS were inserted into the pFRK1-LUC-nos reporter. Protoplasts derived from 'Orin' callus were used as the materials for transient transfection. Each transfection contained the GUS plasmid for normalization. For transient transfection, 1 ll of GUS plasmid, 3 ll of LUC reporter and 6 ll of effector were mixed together and transformed into apple protoplasts using 40% Polyethylene glycol. After reaction at 24°C for 6 h, the LUC and GUS activities were tested using a Multimode Plate Reader (Victor X4, PerkinElmer, http://www.perkinelmer.com/). The promoter activity was calculated by the ratio of LUC to GUS activity.
Transformation of apple callus with MYB12 and MYB22
For gene transformation, the CDSs of MYB12 and MYB22 were recombined into the pRI101-AN vector containing a GFP tag sequence and then transformed into A. tumefaciens LBA4404. The apple callus was infected by the agrobacterium for 20-30 min and co-cultured on MS solid medium without antibiotics in the dark at 24°C for 24-48 h. Then, the callus cells were transferred to screening medium with kanamycin and carbenicillin. MYB12 and MYB22 overexpression in the callus was confirmed by PCR amplification and Western blotting (Clontech).
Ectopic expression of MYB12 and MYB22 in Arabidopsis
The recombinant plasmids containing MYB12 and MYB22 (see 'Transformation of apple callus') were transformed into A. tumefaciens GV3101 and then into the Arabidopsis TT2 (SALK005260) and AtMYB12/-111/-11 (SALK077068) ecotypes. T 1 transgenic plants were selected on MS solid medium with kanamycin. Kanamycinresistant seedlings were transferred to soil and cultured in a light incubator (Ningbo-Jiangnan, http://www.nbjnyq.com/). T 2 seeds were collected for later use.
w/v in methanol: 6 M HCl, v/v = 1:1) for 30 min and then observed. To determine the PA content, 0.5 g of sample powder was extracted using 1 ml of 70% acetone solution (v/v) containing 0.1% (w/v) ascorbic acid at 4°C in the dark for 30 min. The supernatant was collected after centrifugation and extracted with 3 ml of ether at À20°C in the dark. Next, 2 ml of the lower phase of the extracted liquid was removed and added to a test tube. Then, 1 ml of methanol and 0.5 ml of 2% DMACA solution were added. After standing for 20 min, spectrophotometric quantification was performed at 643 nm using a UV-vis spectrophotometer (Shimadzu UV-2450, http://www.ssi.shimadzu.com/). Catechin (Sigma Chemicals) was used as the master standard.
DPBA staining and HPLC analysis of flavonol content
The presence of flavonol was detected by diphenylboric acid 2-amino-ethyl ester (DPBA) staining (Sheahan and Rechnitz, 1993) . Arabidopsis seeds were surface sterilized and cultured on filter papers soaked with 3 lg ml À1 of norflurazon (Sigma Chemicals) at 4°C for 48 h, which bleached the seedlings. Then, the Arabidopsis seeds were transferred to a light incubator (Ningbo-Jiangnan) at 24°C for 5 days until germination. Germinated seedlings were stained with 0.25% (w/v) DPBA (Sigma Chemicals) and 0.00375% (v/v) Triton X-100 (Biotopped, http://bjbiotopped.com/) for 2 h. The fluorescence was detected using an epifluorescence microscope (Olympus BX53F, http://www.olympus-lifescience.com/) with an excitation wavelength of 340-380 nm.
Flavonol was extracted using 1 g of sample powder in 5 ml of 0.5% (v/v) HCl-methanol for 2 h at 4°C in the dark. After centrifugation for 15 min at 8000 g, the supernatant was collected and concentrated using a rotary evaporator (RE-52AA, Shanghai-Yarong, http://www.shyarong.com/). The residual concentrate was rinsed with 2-3 ml of methanol and then centrifuged at 8000 g for 20 min. The supernatant was diluted with methanol to 5 ml and filtered using an organic filter membrane (0.2 lm). The HPLC method was performed similarly to UPLC-ESI-TOF/MS as described above. The flavonols were monitored by absorbance at 350 nm. Unknown flavonols were included in the quantification for total flavonols but were calculated as quercetin-3-glucoside equivalents.
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